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Motivations

What is anisotropic flow?

= Azimuthal and forward-backward asymmetry
In particle distribution with respect to the
reaction plane

m Collective phenomena, but does not
necessarily imply hydrodynamic flow
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Motivations

Why to study anisotropic flow?
m Collective flow Is a promising tool to study the
properties of QGP

= Provides information on the early stages of
neavy ion collision

= Development of flow Is closely related to
the pressure (EoS) of nuclear matter
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Schematic view of a
collision

U Is the true angle of the reaction plane
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Definition of flow
components

Fourier expansion of the azimuthal distribution of
particles

d°N  d°N
Bp 21 dp’ dy

(1 19 En: Un(y) cos [n(¢ — WR)])
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Definition of flow
components

Fourier expansion of the azimuthal distribution of
particles

d3N d*N

e 1 +2% 0, ./

T dy( +2 5 unly) cos (o R>])
Thus,
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Definition of flow
components

Fourier expansion of the azimuthal distribution of
particles

d3N d*N

e 1 +2% 0, ./

T dy( +2 5 unly) cos (o R>])
Thus,

Un(y) = (cos [n(d — Wg)])

But life Is not so simple
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Techniques for
analyzing v,

Wang etal.,, PRC 44 1091, (1991)
m Pairwise correlation — Two-particle cumulants

= v, = (cos [n(¢; — &;)])ix
= Event plane Is not necessarily determined
(but can be)

= Less relevant recently
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Techniques for
analyzing v,

Poskanzer and Voloshin, PRC 58 1671, (1998)

m Correlation of particles with an event plane
m v = (cos [n(¢; — Vy)])
m ¥, Is the observed event plane of order n

m VU, £ Ui = v° must be corrected by dividing by
the resolution of the event plane

® Resolution is estimated by measuring the
correlations of the event planes of sub-events
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Techniques for
analyzing v,

m Example: PHOBOS PRL 89 222301, (2002)

a _ o+ 1 Z’L Ww; Sln(2¢z)
BT gt [ > Wy cos(2¢) ]
R?* = {(cos[2(®y" — ®y")]

obs < (w; cos [2(¢ — <1>2§]> >

1

Uy — R

® where w; IS rapidity dependent weight
® best weight w;(y, pt) IS va(y, pt) itself

W in practice p; is often used as weight (up to p; = 2GeV/c
vo IS proportional to p;) = reduces statistical errors
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Techniques for
analyzing v,

Borghini, Dinh, Ollitrault, PRC 64 054901, (2001) &
PRC 66 014905, (2002)

= Multiparticle correlation — Cumulant method
m Larger statistical errors
® Eliminates the “non-flow” effects
m Reaction plane is not determined

® v, IS calculated by three-particle cumulants
PRL 92 062301, (2004)

B (cos (g + Db — 20c)) = V1,4V1pV2,c
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Techniques for
analyzing v,

B Four-particle cumulants were also proposed in
PRC 66 034904, (2002)
4

<<un,1un,2uz,3u2;,4>> = <un,1un,2u;2,3u;’z,4> — 2<Un,1u7*z,2>2 = — Uy
B Average over all possible quadruplets of particles
B Four-subevent method

* * * 2
<<’LL U ot aut >> - Qn,lQn,QQn,SQnA _9 Qn,lQn,Q
e My Mo M3 My My Mo

Qn = Zunk and Uy i = 'k
k
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STAR results for vy

B STAR collaboration
PRL 92 062301, (2004)

Wy, saturates for p; =~ 2.5GeV/c

®m The higher order even harmonics are much smaller
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Phobos results for v

ot 0.06 pr=r—r—r—r—r—r—r—r————r————— .

- L Minfmim Biad )PHOBOS Preliminary v,200@® _
0.05} 'H H PHoaosryvzm.-_ m PHOBOS collaboration
0.04f _i:i- 1 NPA 715 611, (2003)

1 M

m Determined using event plane method
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STAR results for v,

SEI XN R B STAR collaboration
Tepl T ! PRL 92 062301, (2004)
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STAR results for v

R B STAR collaboration
PRL 92 062301, (2004)

v, (%)

Ll

- . ] t .
1R ‘ : ]
i - 5% STAR:\S,, = 200 GeV | h P
= 2F s NA4O 5 =172 Gevg + -
3 - e  NA49: shifted by Aybeamg } { i
S TP TR S B T A
-6 -4 -2 0 2 4 6

m Determined using three-particle cumulants — v,{3}

m oy, = —0.25(+0.27(stat))% per unit of pseudorapidity
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STAR results for v
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STAR results for v
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m Directed flow with respect to the first and second order
“reaction” (event) plane

m “The results are in reasonable agreement with v,{3}"
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m Estimation of reaction plane with event plane
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Possible problems

m Estimation of reaction plane with event plane

®m Each harmonic can yield an independent estimated
®,,, which may differ from one-another.

SQM2004, 15-20 September 2004, Cape Town — p.16/27



Possible problems

m Estimation of reaction plane with event plane

®m Each harmonic can yield an independent estimated
®,,, which may differ from one-another.

= Without weighting by rapidity in cumulant method,
vp 1S eliminated by construction, because
Forward/Backward distributions cancel each other
In the usual definition.
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Possible problems

m Non-flow correlations
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Possible problems

® Non-flow correlations

= With finite multiplicities correlations may arise from
global momentum conservation. Questionable that
these can be subtracted as non-flow effects.

m Freeze Out process leads to correlations as well.

®m Sudden and rapid hadronization may also cause
correlations.
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Possible problems

® Non-flow correlations

= With finite multiplicities correlations may arise from
global momentum conservation. Questionable that
these can be subtracted as non-flow effects.

m Freeze Out process leads to correlations as well.

®m Sudden and rapid hadronization may also cause
correlations.

m These effects fundamentally influence the
measured v,,, and they are excluded while
determining the reaction plane (like in cumulant
method).
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Possible problems

m Methods without determination of Wy

® The mentioned problems may exists even if the RP
determination is implicit

m Complicated experimental setups = many different
methods, even “mixtures”

m Difficult to judge the precision of flow analysis,
specially for odd harmonics
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Calculation of flow

By definition

Z/cos (nenr) v Ve (p* doy) fro.(x, p)d*p,

S [AVe ' do) fro. (v, p)dp,

where
m vV, — proper volume of one fluid cell

® 0. (x,p) — freeze out distribution function

W In our case fro.(z,p) is a Juttner distribution

Juttner — In K p””,u)
JED) = gy ( T
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Calculation of flow

> oAVe /dpt pt dpcnr cos (n oo )Ge(pe, Pon, y)

where

Z dN¢/dy

Ge(pt: pom,y) = [H \/m2 +p3 — PLyedoy

H = 7,(coshy — do sinhy)

e/ m24+p? + 7, g

h = vy(coshy — v sinhy)/T g=~7./T

K = (gn-e* ") /(2nh)? = (g, - n)/(4mm* T Kz(m/T))
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Calculation of dN/dy

dN/dy has an analytical solution also for do* # u*, which
was not calculated before

dN, H gG\ | 247 21 _h
CZQKV/3_2(1__) 290 |
dy TR eyt ni) | BZm2 T hm ¢
AN ZdNC
dy — dy
® This formula makes the calculations more accurate
and easier

B Time consuming numerical integrations are not needed
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Blast wave model

m Tilted, ellipsoidally expanding source

m The tilt angle, ©, represents the rotation of the major
(longitudinal) direction of expansion from the direction
of the beam

m No time evolution
® The freeze-out layer is divided into “fluid cells”
m Discretization can lead to errors

m Useful tool to investigate how the geometry of fireball
effects the collective flow
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Model results
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Model results

BT =130MeV
By =0.65c

B dot parallel u*
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Model results
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Model results
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Model results

(vz(el = 6)+Iv2(6 _ —6))}2
0.05(v, (6 = 6) B =130MeV
0.04t
By =0.6bc

>c\| 0.03f

ool W do* parallel u#

0.01} 1 Mag:b:c=10:8:6

0-
T 0 2 a

y (Rapidity)
B Average of v3(0© = 6°) and v2 (O = —6°)

m No difference, one does not need to know the reaction

plane.
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Model results

BT =130MeV
By =0.65¢c
B dot parallel u*

Mag:b:c=10:8:6

M Big difference, it is important to determine the reaction plane

(also projectile and target sides)
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Conclusions

m Flow analysis is an important issue of RHIC,
but it is not a trivial task

®m The reaction plane should be determined more
accurate — now the target and projectile side is
probably partly reversed

m Study of impact parameter dependence should be
necessary (PHOBOS?)

®m Energy dependence for different particles should be
studied separately = information on pressure and
pressure gradients
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